Abstract -Manipulator operations are complicated by sensor noise, mechanical compliance, and system bias. These uncertainties are compounded in field environments, such as those encountered in humanitarian demining. By taking advantage of the generally flat and static structure of the terrain, a series of adaptive corrections and filters refine a sensed topographical model and generate a trajectory that is robust to inherent inaccuracies and modeling errors. Experimental testing on a mobile robot using stereo-vision as modeling sensor indicates that this method provides a tracking precision of ±5 mm on relatively flat ground. As such, it will keep the attached mine sensors close to the ground, improving effectiveness.
I. INTRODUCTION
Robot interaction in field environments is rich with potential, yet to realize this, requires operation and motion that is robust to the sensing errors and manipulator compliance typical of such applications. A central issue in making the manipulator operation field robust is the synthesis and execution of trajectories that remain close to the ground surface.
A motivating application for field robust manipulation is humanitarian demining. Clearing these weapons is a tedious operation in which 100-1000 false targets are cleared for every live mine encountered [1] . While this high false-positive rate has spurred the development of a myriad of sensing technologies, the standard approach remains the use of an inductive metal detector (MD). As MD depth and discrimination are dependent on the sensor's proximity to the ground [2] , field robust manipulation aids this effort by reducing ground deviation and automating a tedious step in the demining process.
Based on this perspective, Gryphon [3] has been developed to assist by automating the mine detection process. As shown in Fig. 1 , the robot is based on a commercial all terrain vehicle (ATV) to which a custom robotic manipulator [4] was added. This lightweight and counter-balanced 3-DOF arm is made from carbon-fiber reinforced plastic (CFRP) as precise MD operation requires minimal metal near the sensor [5] . It is relatively long (the main link is more than 2 meters long) and thus fairly compliant (tip flexure of several centimeters). The manipulator's pantograph configuration allows for good weight counter-balancing, thus reducing, but not eliminating, secondary motion resulting from the ATV suspension compliance and hence uncertainty in arm location with respect to the terrain (see Fig. 2 ). The robot has two classes of sensors. The first, denoted as the "sensor," is used for terrain modeling (e.g., stereo vision). It is separate from the demining detection sensors mounted on a 2-DOF wrist mechanism at the manipulator end, which are collectively referred to as the "detector." The manipulator frame is fixed on the compliant base.
Gryphon operates by driving close to a region of interest, then, while stationary, scans a 3 m 2 area. An approximate model approach is used to construct a rough geometric model from field perception data for future operations. Unlike reactionary approaches, this allows Gryphon to look ahead and avoid local traps during planning. By iteratively operating using a local model, absolute rectification is not required since later processing stages can account for aberrations present.
To address the sensor noise and bias, a tiered architecture (see Fig. 3 ) is applied to the approximate model. First, the sensor data is adaptively filtered to estimate the height-map (in the manipulator frame) from various depth maps (in the sensor frame). This is then corrected for calibration errors in approximate model. Bias due to vehicle suspension, manipula- tor compliance, and calibration shortcomings (such as the combination of local errors), is corrected on a system-level. It is found in a decoupled manner with a linear correction for the horizontal plane (planar correction) and with a point-cloud terrain calibration approach for the vertical axis (z-axis correction). This increases robustness without the need to identify the origin of imprecision. However, since this is based on calibrations and linear models, its highest accuracy is limited to regions close to the terrain used to perform the system-level calibration. This is referred to as the zone of effectiveness. Finally, the trajectory is then synthesized so as to maintain the detector at a prescribed distance to the ground. 
II. TERRAIN MODELING
In order to plan operations and map the location of suspected mines found by the detector, it is necessary to model the terrain. The generally planar structure of demining terrains helps address the high variability of terrain conditions.
A. Perception
The scanning motion begins by sensing the environment (e.g., through laser range scanners, sonar, or stereo vision). Coupled with this is the problem of processing the noisy sensor data, which may be taken from multiple locations, to construct a coherent terrain model.
Passive stereo vision is robust to various field conditions as it has no moving parts and does not need to project signals into an environment that could scatter or absorb this energy. Its compact size and moderate cost simplify installation by allowing for distant (and multiple) installations. This is particularly an issue for the MD as it needs metal-free conditions in its working zone for best performance. Even with highresolution cameras, standard stereo vision techniques, however, are computationally intensive and result in particularly noisy maps, especially in regions lacking texture [6] . Map accuracy varies due to object range and camera aberrations.
B. Conditional Planar Filtering
Due to limitations on camera resolution and calibration, a raw model from perceived data is significantly affected by noise. In practice, the noise, especially in field terrains lacking strong texture, is the same magnitude as terrain features. Left uncorrected, it would excite vibration, increase detector position imprecision, and degrade terrain following performance.
Traditional median filtering techniques are primarily effective against the shot (or salt-and-pepper) noise, but do not remove high-frequency components. Simply smoothing (i.e., spatial low-pass filtering) after median filtering is insufficient as this results in a degradation of features, especially at obstacles boundaries, which could lead to a collision.
However, there is structure within the terrain, namely: a mostly planar region (e.g., ground with pebbles) and a section with larger obstacles (e.g., mounds). Thus, an adaptive filter based on the planarity of the region is proposed to adjust filter kernel sizes (or even disable) for both the Gaussian smoothing and median filters (i.e., the conditional planar filter).
The procedure is to first determine whether a region is mostly planar. This is done by fitting a plane to the points in the region of interest. In particular, given the points in a region of interest, 1
, we find the coefficients to the (least-squares) best-fitting plane. To do this we start with the general plane equation (1) and simplify it to (2).
Thus giving the matrix representation
For most cases (i.e., when n>3), the system is overconstrained. Applying a pseudo-inverse or SVD to the system will give the least-squares estimate for the coefficients A, B, and C, allowing us to identify the plane parameters.
The planarity is determined by calculating the meansquare deviation between each point in the window and the best-fit plane. Thus, if the deviation is large, the region is assumed to be non-planar. The strength of the Gaussian and median kernels is varied depending on the magnitude of this deviation. The exact correlation is left as a tuned parameter allowing adjustment for varying ground texture. Applying this to the perceived data yields a less noisy, but still biased map.
C. Partial Model Correction
The first step of the system-level calibration separately corrects the horizontal coordinates (x-y plane) from the vertical coordinates (along z). This addresses bias attributable to factors such as shortcomings in camera calibration, camera location errors, and manipulator compliance.
We establish a linear error correction model in the x-y plane so as to map perceived features with their counterparts in the real terrain, leaving the correction along the z-axis for later. For a given depth map, we have following equations in frames Correction parameters (scaling x , offset x , scaling y , offset y ) are identified by measuring the planar position of 3 features in the real terrain and matching them with their counterparts in the terrain model. After the correction, the depth map projection onto the ground frame's x-y plane matches the real terrain projected onto the same plane. It should be noted that the validity of performed corrections is limited to the aforementioned zone of effectiveness. Also, non-linear camera aberrations are not addressed by this correction.
D. Depth Map Stitching
Given the compliance of the ATV suspension and manipulator, the camera position in ground frame is not known exactly. With the result, that overlapping parts of multiple maps taken from different positions will not perfectly match. One could resort to so called point pattern matching or texture matching algorithms [7] . Such methods assume that there are sufficient and unique overlapping parts that are free enough of noise so as to be easily correlated. However, it is more robust to find the transformations experimentally via a calibration procedure even though this leads to results becoming specific to a given manipulator configuration.
E. Height Map Generation
To simplify and speed-up terrain data processing and access, the depth maps are now transformed to a common height map function. This map represents the terrain as a series of height (or z-coordinate) values at point locations specified by a uniform mesh in the ground plane of the ground frame. This is done, for instance, via Delauney triangulation methods with increased precision obtained through spatial weighted averages of the sensed data. The obtained height map offers the advantage of two dimensionally indexed queries on the terrain model and facilitates, by linear interpolation, a mechanism to fill holes and patches that may have arisen due to occlusions or lack of texture. The height map grid spacing has to be chosen fine enough to reduce the information lost through the discretization process, yet coarse enough for low computational cost.
To keep generality, we introduce an analogous continuous parameterized function, f terr (x terr ,y terr ), for the terrain model:
F. Height Map Expansion
The height map is now a good approximation of the underlying topographical information; however, it is often desired to run the scanner at a constant distance from the ground (i.e., a scanning gap). For that purpose we expand the height map via an operation which can be seen as an envelope expansion. That is, we solve for a new surface, f env , whose distance from f terr is given by the scanning gap. This is illustrated in Fig. 4 . Note that the simple approach of shifting the height map along the z-axis would be a bad approximation for highly curved or inclined terrain.
Considering the continuous case, the desired surface is easily obtained with following parametric equations:
III. TRAJECTORY GENERATION
The trajectory generation takes as inputs the expanded terrain model from previous section and the manipulator configuration. The output is a trajectory specified as a path, with associated velocities, in the joint space of the manipulator.
A. Scanning Scheme
The terrain to be inspected for buried mines needs complete coverage for precise detector imaging. In the case of the Gryphon, two different scanning schemes are available: a rectangular profile for coverage in constrained spaces, and a smoother, polar profile for cases when overlap is permitted.
The traditional rectangular scanning profile, sometimes referred to as raster scanning, covers an area by iterating through the Cartesian (x-y plane) workspace (Fig. 5a ). An alternative approach is to sweep in the joint-space of the robot. This simplifies joint coordination by reducing simultaneous motions. For Gryphon, this gives a circular (or polar) scanning profile due to the manipulator's first revolute joint configuration: cos This procedure positions the angle, , with the yaw-axis (joint 0) and the radius, , with the pantograph mechanism (i.e., joints 1 and 2). While it requires more scanning distance, it does, however, reduce the amount of joint actuation and joint velocity variation, and thus is dynamically more stable. This in turn reduces power consumption and arm vibration, which improves detection performance as this reduces detector location uncertainty. Finally, x traj and y traj need to be appropriately bounded to the scanning area to minimize scanning time. B. Terrain Sampling Any of the above described scanning schemes will provide us with a planar path, where only the x-y coordinate components are defined. The z coordinate is obtained by sampling the corresponding position on the expanded terrain. Orientation of the detector at this position is calculated using the associated normal vector to the expanded terrain. At this stage, we have a raw path given by (11), (12), (13) 
C. Advanced Terrain Following (ATF)
The planed path has focused on guarantying that the center of the detector follows the expanded terrain. With the consequence that the rest of the detector body however is still free to enter the scanning gap or even to collide with the terrain at positions where the curvature is concave (Fig. 6 ). Thus, it is important to consider that the detector is a body. This is performed by modeling the detector via a series of control points along the perimeter of the lower surface of the detector; where, the number and position of points has been chosen to best approximate the contour and surface. For instance, the control points for Gryphon with a typical MD and groundpenetrating radar detector payload are shown in Fig. 7 For each detector position on the trajectory, all control points are tested to whether they are colliding against the expanded terrain. For each point under the grid, a small correction rotation (e.g., ½ ) of the detector is performed in the order of vertical deviation as described in Fig. 8a . This step is repeated in an iterative way, after which, an equilibrium orientation is reached (see Fig. 8d ). The detector orientation is then corrected to respect configuration-space constraints by limiting wrist joint values to allowed ranges and the detector's zcoordinate is modified so as to have no control point in the scanning gap (Fig. 8e) . Such an approach can lead to large gaps between the detector center and the terrain at concave positions but guarantees a constant minimum distance between the detector as a whole and the terrain. Although simpler, a reactionary approach that would lift the detector without changing its orientation is not sufficient as it would lead to configurations that are not ideal for best performance of the detector. By comparison, an analytic approach, in which the best fit between the lower surface of the detector and the expanded terrain is solved, would give unsatisfactory results as this leads to the detector being over-fit to a particular portion of the terrain. Also, it does not easily afford the operator a means for adjusting the terrain following to favor sections of the detector that have higher sensitivity.
D. Partial Path Correction
While perception inaccuracies were corrected for the horizontal plane in the Terrain Modeling section, the model did only partially account for mechanical inaccuracies. The type of mechanical inaccuracies corrected for are typically those arising from mechanical compliances (in the links and base) and calibration errors. Within the limitations of the zone of effectiveness, the trajectory's x and y components are modified appropriately.
This second part of the system-level calibration consists in applying a radial offset, a radial scaling (16) and an angular offset (17) obtained by measuring the discrepancy between the real and computer-model manipulator tip position. Orientation of the detector is kept unchanged.
(11), (12) and (13) become:
E. Final Path Correction
The last modification of the trajectory, and the final step of the system-level calibration, is the correction along the zaxis. Each x-y position is assigned an individual vertical correction factor (19) that is obtained by linear interpolation between values of an Overall Calibration Matrix (OCM).
The OCM is obtained by mapping a relatively flat terrain, generating a non-expanded height map, then manually driving the detector to touch the terrain at various spots within the workspace. At each spot the necessary correction factor is given by the deviation of the computer model of the detector to the terrain contact. Spots are then used to generate a Delaunay triangulated surface whose height at a given x-y position gives the amount of correction needed. The OCM is directly extracted from that surface at regular x-y grid intervals. 
F. Trajectory Synthesis
The final path, now corrected for perception and manipulation bias, is transformed from the manipulator workspace to joint velocity space. The initial solution is found from the inverse kinematic equations for the ideal (rigid-body) arm configuration. As the arm has compliance, it is desirable to minimize abrupt changes in arm acceleration (and thus deviations from the ideal case). Thus, the transformation to joint velocities is via trapezoidal acceleration patterns [8] with acceleration magnitudes governed so as not to excite arm vibration.
IV. ON-THE-FLY TRAJECTORY CORRECTION AND TUNING
The detector of the manipulator has a bumper installed at the tip. This unit is instrumented with four micro-switches that are evenly located around the lower edge of the contour, thus allowing for an adapted reaction if a collision occurs. In particular, the detector performs a rotation that will lift the colliding point by 10 mm while keeping the opposite point at same height. The corrections induced by the bumper collisions are temporary, and unless a collision state persists, scanning continues normally after the critical point has been passed.
Considering that in static terrain a collision implies a modeling or bias correction error, it is possible to use this event to automatically fine-tune the OCM by correcting its value in the region near the collision.
V. EXPERIMENTS AND RESULTS
Several experiments were conducted with Gryphon to assess performance of this terrain following method. Precise quantification was performed by replacing the detector payload (i.e., MD and ground-penetrating radar) with a laser rangefinder (SICK DME 2000) to track the scanning gap at the region of maximum detector sensitivity.
Other operating conditions, where possible, were adjusted to match those of a typical payload (e.g., weight was added to the laser rangefinder). A sandy terrain under natural light conditions (i.e., a fair weather day) was used with a circular scanning scheme with a scanning rate of 100 mm/s.
A. Filter Performance
This set of tests used a 100 mm height map expansion and no ATF. The map filter was varied between three algorithms: (a)
Minimal filtering: this control case uses a terrain model based on raw depth map with median filtering (to remove shot noise and extreme outliers). It should be noted that in such noisy cases the expansion does have the effect of smoothing point features.
Gaussian Smoothing: The above minimally filtered terrain is processed with Gaussian kernel filter. (c)
Conditional Planar: Again, the minimally filtered terrain is processed by the filter described in section II.B.
Filter performance was tested on two different terrain profiles: (i) relatively flat terrain and (ii) the same terrain with a rather challenging hump (or obstacle). In both cases, the scanning procedure comprised several passes; although, for simplicity, one is shown.
On a relatively flat terrain, the effect of noise is especially present in the unfiltered case, which has a maximum deviation almost twice that of the filtered cases (Fig. 9) . The Gaussian and Conditional Planar filtered cases perform similarly well with a scanning precision of ± 5 mm. The obstacle, shown in Fig. 10 , represents the most extreme slopes and contours expected in demining conditions. The pass selected for comparison was the most challenging and includes a 70 curvature. The results from this scan are plotted in Fig. 11 . Here the advantage of the conditional planar filter over the Gaussian filter becomes visible. The Gaussian filter degrades terrain features, which results in a loss/gain of obstacle height. The conditional planar filter generates a trajectory that varies of ±20 mm from the ideal path. This deviation is not only due to the challenging nature of the obstacle, but also to the limited wrist configuration-space.
B. Effects of Advanced Terrain Following
This technique (described in section III.C) was also tested with the hump. Figure 12 compares the identical pass performed as in previous paragraph (i.e., pass over hump with Conditional Planar filtering) performed using this method (with control points located as shown in Fig. 7 ). As could be expected, the two curves coincide quite well except at the obstacle edges, where the process of insuring that the whole detector body stays above the scanning gap leads to higher deviation. This large gap is consistent with the obstacle's steep slope. 
C. Effects of Overall Calibration Matrix
The scanning performance significantly varies due to ground bias. To verify this, the first experiment (i.e., pass over flat ground with Conditional Planar filtering and no ATF) was repeated with the OCM mechanism disabled. The results for the same pass as shown in Fig. 9 are plotted in Fig. 13 . The variation from the ideal is significant and clearly shows a nonlinear bias. Examining correction factors in the OCM also corroborates this fact, with values varying between -40 mm and +20 mm. Thus, trajectories without OCM correction either require an enlarged scanning gap or risk collision.
VI. CONCLUSION
Field operations are complicated by noise and bias that lead to mine detector uncertainty. This also requires a greater scanning gap (or safety margin), which further reduces mine detection performance. The architecture shown combines a novel filtering method and a decoupled system-level calibration procedure to yield an effective framework for obstacle identification and trajectory planning. Experimental testing shows considerable deviation reduction when applying the framework and, combined with the advanced terrain following technique, effectively avoids collision with the terrain.
The methods demonstrated will improve automated mine detection performance and have the potential to improve tracking on compliant arms in challenging environments. 
